Previous studies suggest that a,-adrenergic (a,-AR)-induced intracellular calcium ([Ca2
YTOSOLIC free calcium ([Ca 2+ ]j) is tightly regulated by many neurotransmitters, hormones, and growth factors and serves as a mediator for receptor-regulated cellular functions. Following ligand-receptor interaction, activation of phospholipase C (PLC) induces the hydrolysis of phosphatidylinositol 4,5-bisphosphate, yielding diacylglycerol and inositol 1,4,5-trisphosphate (IP 3 ). The former is an endogenous activator of protein kinase C. The latter elicits a rapid release of calcium ions from intracellular calcium stores, accompanied by the entry of extracellular Ca 2+ and a sustained elevation of [Ca 2+ ]i (for review, see Ambudkar et al., 1993) . Impairment in [Ca 2+ ]i mobilization occurring during aging has been proposed as a general mechanism for age-related changes at the cellular level (Roth, 1989) . Alterations in [Ca 2+ ]i mobilization during aging have been observed in various species and tissues and in response to widely different stimuli (Miller, 1991 (Miller, , 1994 Faulk et al., 1995; Gurdal et al., 1995; Masoro, 1995) .
Rat parotid acinar cells serve as a good model for studying hormone-receptor coupled [Ca 2+ ]i mobilization. In salivary acinar cells, the activation of a,-adrenergic (a,-AR) and muscarinic receptors produces an elevation of [Ca 2+ ]j, with resultant secretion of electrolytes and water (Bodner et al., 1983; Putney, 1986) . Studies of male Wistar rats suggest that a,-AR-induced [Ca 2+ ]j mobilization in parotid acinar cells declines with age. Direct spectrofluorometric measurements of [Ca 2+ ]i demonstrated that a,-AR-induced [Ca 2+ ]j elevations decrease approximately 40% in dispersed parotid acinar cells from 24-month-old rats as compared to cells from 3-to 6-month-old animals (Ishikawa et al., 1988; Maki et al., 1989) . This age-related reduction in a,-AR responsiveness may be due in part to functional alterations in the coupling of a,-AR receptors to G proteins that mediate activation of PLC . In addition, a 20% decrease in response to carbachol (a muscarinic receptor agonist) between 3 and 24 months was also found but did not reach statistical significance (Ishikawa et al., 1988) .
Food restriction has been shown to extend the median and maximum life span of rodents and other animals and to delay many physiological changes that occur with age (for review, see Yu, 1994) . Rats fed a 40% reduced-calorie diet usually have a 40-50% longer median and maximum life span in a pathogen-free environment. Physiologic and pathologic changes associated with age, such as occur in renal function and immunocompetence, are reduced or delayed in foodrestricted (FR) animals compared with their ad libitum-fed (AL) counterparts (Yu, 1994) . The effect of FR on receptormediated [Ca 2+ ]i mobilization in rat parotid gland cells during aging has not been studied previously.
To investigate age and dietary effects on [Ca 2+ ]j mobilization, we isolated parotid acinar cell aggregates from AL and FR Fischer 344 male rats of various ages. By utilizing Fura-2 spectrofluorometry in a cell suspension system, we were able to investigate changes in [Ca B153 Fura-2 acetoxymethyl ester (AM) and Pluronic F-127 acid were obtained from Molecular Probes (Eugene, OR). Type I-S hyaluronidase, Triton X-100, EGTA, MnCl 2 , carbachol (carbamoyl choline), (-)-epinephrine, and trypsin inhibitor type I-S were purchased from Sigma Chemical Co. (St. Louis, MO). Hank's balanced salt solution (HBSS) and HEPES were also obtained from Sigma and were adjusted to pH7.4.
Animals. -Male Fischer 344 rats were obtained from the Harlan Sprague-Dawley Co. (Houston, TX). The animals were individually caged and maintained life-long under specific pathogen-free conditions (12-hr light/12-hr dark cycle). Rats were either fed ad libitum or food restricted with N1H-31 diet obtained from Teklad (Madison, WI). FR caloric intake was equal to 60% of age-matched AL controls, beginning at 6 weeks of age. Animals at the age of 4, 6, 14, and 24 months were sacrificed between 0900 and 1000 hr by decapitation in accordance with guidelines of the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio and the Subcommittee for Animal Studies of the Audie L. Murphy Division of South Texas Veterans Health Care System. Rats were not fasted before sacrifice. In a separate study of rats fasted overnight prior to preparation of parotid cells, the effects of aging and FR on [Ca 2+ ]j were equivalent to those observed in the present study (data not shown).
Preparation of parotid acinar cell aggregates. -Dispersed parotid acinar cells (PAC) were prepared according to the method of Baum et al. (1990) . In brief, parotid glands were dissected, minced, and subjected to collagenase (100 U/ml)/hyaluronidase (200 jxg/ml) digestion in modified HBSS incubation medium containing 33 mM HEPES and 0.1 % bovine serum albumin (BSA) for 80 min. Tissues were gassed with 95% O 2 /5% CO 2 and gently dispersed with a pipette every 20 min during enzyme digestion. After three washes with incubation medium, the resulting acinar cell aggregates were maintained at 37°C in modified HBSS containing 100 |xg/ml of trypsin inhibitor. Cells were gassed every 20 min until used in experiments.
Measurements of [Ca
]j was determined by spectrofluorometric measurements in cell suspension. PAC were loaded with 2 |xM Fura-2 AM, a fluorescent calcium indicator, in HBSS supplemented with 33 mM HEPES, 0.1 % BSA, and .05% Pluronic F-127 acid at 30°C for 45 min according to a modification of the method of Capponi et al. (see Baum et al., 1990) . Fura-2 AM loading was enhanced by using .05% Pluronic F-127 acid (a nonionic surfactant) with no adverse effect on cell responsiveness (Cohen, 1974) . Fura-2-loaded cell aggregates were kept on ice until used for experiments. Fura-2 leakage from acinar cells was determined by adding 100 (xM manganese chloride followed by 250 jxM diethylenetriaminepentaacetic acid (DTPA) (Tsien and Pozzan, 1989) . Leakage was insignificant as long as the loaded cells were kept on ice and processed within 20-30 min.
Measurements of [Ca 2+ ]j were made with a PTI Systems Delta Scan spectrofluorometer (Photon Technology International Inc., South Brunswick, NJ) using 340-nm and 380-nm excitation and 510-nm emission wavelengths for Fura-2. Cytosolic-free Ca 2+ was calculated according to Grynkiewicz et al. (1985) as follows:
where R is the Ca
2+
-bound/Ca 2+ -free fluorescence ratio, Ca 2+ -bound is the fluorescence of 340-nm excitation, and Ca
-free is the fluorescence of 380-nm excitation. K d is the binding constant of the dye for Ca 2+ and is taken as 180 nm for Fura-2 in acinar cells at 37°C (Dissing et al., 1990) . Sn/S,,;, is the ratio of Ca 2+ -bound/Ca 2+ -free Fura-2. PTI Systems computer software was used for these calculations.
After a basal level of [Ca 2+ ]i was established at 37°C, cell aggregates were stimulated with either the adrenergic agonist (-)-epinephrine or the muscarinic cholinergic agonist carbachol. At the end of each experiment, the maximum fluorescence ratio (/? max ) was obtained by permeabilizing the cells with .03% Triton X-100. Minimum fluorescence ratio (/? min ) was achieved by chelating Ca 2+ with EGTA. Finally, 20 mM MnCl 2 was added to quench Fura-2 background fluorescence and give an indication of autofluorescence. All data have been corrected for background autofluorescence (Tsien and Pozzan, 1989) .
Data analysis. -All values are expressed as means ± SEM. Parotid cell preparations were pooled from two rats in each experiment. The order in which animals were used for [Ca 2+ ]j determinations was completely randomized with respect to age and dietary group. Statistical comparisons of basal [Ca 2+ ] s and agonist-stimulated [Ca 2 *], mobilization were performed using a two-way analysis of variance (ANOVA) with Sidak's post-hoc test of multiple comparisons (Sidak, 1967) . Differences with/? < .05 were considered significant. Agonist-stimulated [Ca 2+ ]j mobilization was determined as peak induction level minus basal level.
RESULTS
The characteristics of [Ca 2+ ]j mobilization in Fura-2-loaded parotid cells from AL rats were first examined. A typical tracing of agonist-induced [Ca 2+ ]i mobilization is shown in Figure 1 . [Ca 2+ ]i responses to adrenergic and muscarinic agents were concentration-dependent (Figure 1 ). Epinephrine and carbachol each produced maximal stimulation of [Ca 2+ ]j mobilization at 10 (xM (Figure 1 ). Halfmaximal stimulation by epinephrine was observed at 0.9 (xM, consistent with previously published data using 45 Ca 2+ cellular efflux assays (Ishikawa et al., 1988) . The halfmaximal dose of carbachol was 1.0 |xM. Pretreatment with phentolamine, an a-adrenergic antagonist, blocked epinephrine-induced calcium mobilization. Atropine, a cholinergic antagonist, blocked cell responsiveness to carbachol (data not shown).
The effects of age on [Ca 2+ ]; mobilization by maximally stimulatory concentrations of epinephrine and carbachol were compared in AL and FR rats by two-way ANOVA. reduction in epinephrine responsiveness was observed in parotid acinar cells from 24-month-old AL rats as compared to cells from younger animals (p < .05; ]j mobilization was also observed in AL rats ( Figure 3A) . Carbachol (10 fjM)-stimulated [Ca 2+ ]j mobilization in parotid cells from 24-month-old AL rats was about 35% less than in younger animals (p < .05; Table 1 ). Our finding of an age-related decline in epinephrine-responsive [Ca 2+ ]j mobilization is similar to previous observations using male Wistar rats (Ishikawa et al., 1988; Maki et al., 1989) . To our knowledge, our results are the first to demonstrate significantly lower carbachol-stimulated [Ca 2+ ]i mobilization in parotid cells from 24-month-old rats than in cells from younger animals.
In FR rats, as opposed to AL animals, no significant decline in [Ca 2+ ]j responsiveness to epinephrine stimulation was observed at 24 months of age ( Figure 2B ; Table 1 ).
Similarly, carbachol-induced [Ca 2+ ]; mobilization in 24-month-old FR rats was not significantly lower than in younger FR animals ( Figure 3B ; Table 1) .
ANOVA with Sidak's post-hoc test of multiple comparisons also revealed age and dietary influences on basal [Ca 2+ ] ( of parotid acinar cells in vitro. Age-related changes in basal levels of [Ca 2+ ]; were observed in both dietary groups. In AL rats, basal [Ca 2+ ]; increased significantly between 4 to 6 months (43.5 ± 3.3 nM; n = 24) and 14 months (104.5 ± 15.2 nM; n = 6; p < .0002), then declined by 24 months (65.3 ± 4.5 nM; n = 6; p < .02) (Figure 4) . In FR rats, basal [Ca 2+ ]i exhibited a similar pattern of change with advancing age; namely, an increase between 6 months (40.4 ± 2.4 nM; n = 5) and 14 months (146.7 ± 16.9; n = 6; p < .0002), then a decline by 24 months (98.4 ± 11.1 nm; n = 10; p < .001). Basal [Ca 2+ ]j remained significantly elevated in 24-month-old FR rats (p < .0002) compared to 6-month-old FR rats. In addition, basal [Ca 2+ ]j in parotid ], mobilization in parotid cell aggregates from (A) AL and (B) FR rats. Each point represents mean ± SEM (A, n = 3-7 experiments; B, n = 3-5 experiments), with the exception of the 6-month time point for FR rats (n = 2 experiments).
cells from 14-and 24-month-old FR rats was higher than in cells from AL rats of the same ages (p < .02). and FR (solid squares) rats was determined as described in Materials and Methods. Each point represents mean ± SEM (n = 6-8 experiments). *Significant difference as compared to AL at other ages. **Significant difference as compared to FR rats at other ages and 14-month-old AL rats. ***Significant difference as compared to 6-month-old FR and 24-monthold AL rats (see Results for details).
month-old AL rats was 48% lower than in cells from younger AL animals. This result confirms and extends data from previous investigators of Wistar rats. In these earlier studies, 45 
Ca
2+ efflux, an indirect measure of [Ca 2+ ]j mobilization, was compared in parotid acinar cells from 3-and 12-monthold vs 24-month-old animals; [Ca 2+ ]i measured by Quin-2 spectrofluorometry was also compared at 3-6 months vs 24 months of age (Ishikawa et al., 1988; Maki et al., 1989) . As in our study of AL Fischer 344 rats, a 40-50% reduction in a,-AR agonist-induced [Ca 2+ ]i mobilization was observed in PAC from 24-month-old Wistar rats as compared to younger animals (Ishikawa et al., 1988; Maki et al., 1989) .
We also found a statistically significant decline in [Ca 2+ ]i mobilization after muscarinic stimulation in PAC of 24-month-old AL rats as compared to younger AL animals. Previous work with Wistar rats suggested that muscariniccholinergic stimulation of [Ca 2+ ]i mobilization in PAC aggregates declines with age, but the magnitude of decline was less than with a,-AR stimulation and was not statistically significant (Ishikawa et al., 1988) . In our study, the magnitude of decline (35%) in muscarinic stimulation by carbachol was also smaller than that observed in a,-AR stimulation (48%). Different levels of statistical significance in our study compared to previous reports of muscarinic responses during aging may reflect differences in sample size, rat strain, or other methodologic variables.
Reduced a,-AR responsiveness of parotid cells with advancing age has been demonstrated in studies of 45 Ca 2+ efflux, a-adrenergic-stimulated K + efflux (Ito et al., 1982; Bodner et al., 1983; Ishikawa et al., 1988) , glucose oxidation (Gee et al., 1986) , and [Ca 2+ ]j mobilization using intracellular Ca 2+ fluorescence indicators (Ishikawa et al., 1988) . Previous studies have focused on the mechanism of age-related impairment in a,-AR-stimulated [Ca 2+ ]i mobilization. In parotid acinar cells, neither the number of a,-AR receptors (Ishikawa et al., 1989) nor the ratio of receptor subtype (i.e., a 1A and a 1B ) (Villalobos-Molina et al., 1992) changes with age. Furthermore, no age-related losses in quantity of parotid G proteins and phosphoinositide-specific PLC have been detected (Sawaki et al., 1995b) . Current evidence suggests that an impairment in receptor-induced [Ca 2+ ]; mobilization occurs at the level of coupling/ uncoupling of G a subunits and receptors (Miyamoto et al., ,1993b Sawaki etal, 1995b) . Different mechanisms of G a protein coupling/uncoupling to a,-AR and muscarinic receptors may explain why muscarinic-cholinergic responsive stimulation of [Ca 2+ ]j mobilization decreases less than a,-AR responsiveness during aging, despite the fact that both responses are mediated through IP 3 (Maki et al., 1989; Kowatch and Roth, 1994) . Sawaki et al. (1995a) recently reported that a,-AR and muscarinic-cholinergic stimulation of PLC in rat parotid gland membranes is mediated by the G aq/11 family of G proteins. The same authors have provided evidence for impaired activation of G^,, in parotid gland membranes from aged rats (Sawaki et al., 1995b) . Posttranslational modifications of the G^ protein coupled to adenylyl cyclase have been suggested as a possible mechanism for altered G s function in rat liver during aging (Eakes et al., 1996) . Whether changes in G aq/11 function with age might similarly reflect posttranslational modification of one or more G protein subunits remains to be determined. Agerelated alterations of G protein and receptor function may also be secondary to changes in plasma membrane lipid content and viscosity with advancing age (Miyamoto et al., 1993a; Kowatch et al., 1995) .
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In this study, we have shown that FR attenuates agerelated reductions of epinephrine-and carbachol-stimulated [Ca 2+ ]j mobilization in parotid acinar cell aggregates. Although mean epinephrine and carbachol responses in cells from 24-month-old FR rats were lower than in cells from younger FR animals, the magnitudes of these differences were smaller than those found in AL animals and were not statistically significant. Thus, age-related impairments in both a,-AR and muscarinic-stimulated [Ca 2 *], mobilization may be partially prevented or delayed by food restriction. A similar effect of FR on a,-AR-responsive calcium signaling during aging has been observed in rat parotid cells studied with a single cell fluorescence imaging system . Food restriction was also found to retard an agerelated decline of a,-AR-stimulated Ca 2+ influx in rat aorta (Gurdal et al., 1995) . On the other hand, FR had no effect on decreased receptor-mediated [Ca 2+ ]j mobilization in lymphocytes from old mice (Grossmann et al., 1990) . Tie mechanism by which FR retards the impairment of receptormediated [Ca 2+ ]i mobilization in parotid acinar cells from old rats is not known. Enhanced epinephrine binding to receptors of parotid acinar cells from FR animals has recently been proposed .
Changes of unstimulated (basal) [Ca 2+ ]j levels during aging have not previously been well documented in rat parotid acinar cells. Basal levels of [Ca 2+ ] ( ranging from 100 to 150 nM in both 3-and 24-month-old rat parotid cell aggregate preparations have been reported (Ishikawa et al., 1988) . In our study, basal cytosolic calcium in PAC increased with advancing age, with peak levels at 14 months of age and subsequent decline at 24 months. Currently, neither the mechanism nor the biological significance of these basal [Ca 2+ ]i changes is known. The [Ca 2+ ]j in parotid acinar cells is tightly regulated by release from intracellular calcium stores through IP 3 -sensitive pathways, influx from extracellular medium, as well as energy-dependent exclusion of intracellular calcium into the extracellular medium (Putney, 1986) . Changes in basal cytosolic calcium concentrations could result from alterations of any of these types of regulation. It has been shown that the ATP-dependent Ca 2+ pump activity in parotid basolateral membrane vesicles from old rats was lower as compared to membrane vesicles from younger counterparts (Ambadkar et al., 1989) . Although most reports have not shown significant changes in basal [Ca 2+ ]j during aging, existing data indicate a trend toward increases in basal [Ca 2+ ]j in neurons from aged animals as compared to their younger counterparts (Michaelis et al., 1992) . In addition, increased basal [Ca 2+ ]i has been reported in granulocytes from older persons (Fiilop, 1994) . Elevations in [Ca 2+ ]j levels associated with programmed cell death (apoptosis) have been postulated by several investigators (Disterhoft et al., 1994; Trump and Berezesky, 1995) . Cell injury models suggest that a threshold above 300 nM [Ca 2+ ]j is probably required for initiation of cell injury or death. In our study, basal [Ca 2+ ]i levels, although elevated in parotid acinar cells from 14-to 24-month-old AL and FR rats, were still much lower than 300 nM. Therefore, the increases in basal [Ca 2+ ]i levels observed in our study seem unlikely to be associated with apoptosis. A previous investigation of splenic T-lymphocytes from CBA/CA mice suggested that low basal [Ca 2+ ]j levels may contribute to diminished immune responsiveness in aged animals under stress (Csermely et al., 1995) . Accordingly, mild elevations of PAC basal [Ca 2+ ]j seen in FR rats could conceivably be related to the beneficial effects of FR during aging. However, the mechanisms by which aging and dietary restriction may affect basal levels of [Ca 2+ ]j, and the consequences of altered basal [Ca 2+ ]j on aging processes, are unclear. The present study confirms age-related decrements in a,-AR and muscarinic stimulation of [Ca 2+ ]j mobilization in parotid acinar cells from Fischer 344 rats. We have demonstrated that FR, at least in part, protects parotid cells of aged animals from reduced [Ca 2+ ] ( mobilization in response to epinephrine and carbachol stimulation. In addition, our data suggest that basal levels of [Ca 2+ ]i may be altered during aging and in FR animals. Further investigations are warranted to elucidate the mechanisms by which FR modulates agonist-stimulated [Ca 2+ ]j mobilization during aging and to determine the significance of altered basal [Ca 2+ ]i in parotid acinar cells from aged and/or FR animals.
